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Background: Although most circadian clock compo-
nents are conserved betweenDrosophila and mammals,
the roles assigned to the CRYPTOCHROME (CRY) pro-
teins are very different: Drosophila CRY functions as
a circadian photoreceptor, whereas mammalian CRY
proteins (mCRY1 and 2) are transcriptional repressors
essential for molecular clock oscillations.
Results: Here we demonstrate that Drosophila CRY
also functions as a transcriptional repressor. We found
that RNA levels of genes directly activated by the trans-
cription factors CLOCK (CLK) and CYCLE (CYC) are
derepressed in cryb mutant eyes. Conversely, while
overexpression of CRY and PERIOD (PER) in the eye
repressed CLK/CYC activity, neither PER nor CRY re-
pressed individually. Drosophila CRY also repressed
CLK/CYC activity in cell culture. Repression by CRY ap-
pears confined to peripheral clocks, since neither cryb
mutants nor overexpression of PER and CRY together
in pacemaker neurons significantly affected molecular
or behavioral rhythms. Increasing CLK/CYC activity by
removing two repressors, PER and CRY, led to ectopic
expression of the timeless clock gene, similar to overex-
pression of Clk itself.
Conclusions: Drosophila CRY functions as a transcrip-
tional repressor required for the oscillation of peripheral
circadian clocks and for the correct specification of
clock cells.
Introduction
Molecular clocks drive daily rhythms of physiology and
behavior in most eukaryotes. These clocks can be en-
trained by light and other environmental cues, but they
also continue to oscillate in constant darkness (DD), giv-
ing rise to circadian (w24 hr) rhythms in processes as di-
verse as sleep/wake cycles and olfactory sensitivity.
Drosophila and mammals have highly conserved mo-
lecular clocks. At their core lie two transcriptional activa-
*Correspondence: justin.blau@nyu.edu
3 These authors contributed equally to this work.tors: CLK and CYC in Drosophila, and CLK and BMAL1
in mammals. These transcription factors heterodimerize
and activate numerous target genes, including those
that encode their own inhibitors. In Drosophila, period
(per) and timeless (tim) are direct CLK/CYC targets.
PER and TIM proteins dimerize and enter the nucleus,
where PER inhibits CLK/CYC activity to complete the
negative feedback loop. Similarly, in mammals mPer1
and 2 and mCry1 and 2 are direct targets of CLK/
BMAL1. mPER/mCRY protein complexes translocate
to the nucleus and repress CLK/BMAL1 activity [1].
Knockdown experiments in brain slices revealed that
mTIM, like Drosophila TIM, seems to be required for
rhythmicity and probably stabilizes mPER proteins [2].
Transcription of one transcriptional activator (Clk inDro-
sophila andBmal1 in mammals) is regulated by a second
interlocked feedback loop [3–9].
The proposed function of CRY proteins remains the
major difference between the mammalian and fly molec-
ular clocks. The mCRY proteins are core clock compo-
nents: mCry1/22/2 mice display arrhythmic locomotor
activity in DD [10], and mPer1 and 2 RNA levels are con-
stitutively high in mCry1/22/2 mice since mCRY1 and 2
normally repress CLK/BMAL1 activity [11]. In contrast,
cry is not required for circadian behavioral rhythms in
Drosophila [12]. Instead, flies with the strongly hypo-
morphic cryb mutation show reduced entrainment to
light:dark (LD) cycles [12], and cryb mutant flies that
also lack a visual system cannot be entrained by light
[13]. Thus, Drosophila CRY is assumed to function pri-
marily as a circadian photoreceptor that entrains the
molecular clock.
However, the pacemaker neurons that drive circadian
locomotor activity in Drosophila are only a small fraction
of the total number of clock-containing cells. Nonpace-
maker ‘‘peripheral’’ clocks exist in many tissues, includ-
ing the eyes, antennae, and Malphigian tubules, and
these clocks probably control the local physiology of
these organs (demonstrated for antennae in [14]). Mo-
lecular oscillations in these peripheral clocks stop in
cryb mutant flies [12, 15, 16], indicating that CRY proba-
bly has a core clock function in peripheral clocks [16] as
well as being their primary photoreceptor.
To understand the precise role of CRY in peripheral
clocks, we first investigated the state of the clock in
cryb mutant eyes. We found that CLK/CYC target genes
were derepressed in cryb mutant eyes, as they are in
per01 mutants. Additionally, overexpression of CRY
and PER together repressed CLK/CYC-activated tran-
scription, although neither PER nor CRY repressed
alone. CRY and PER repression of CLK/CYC activity
normally restricts clock gene expression to clock neu-
rons during development, since many additional brain
cells produced TIM in per01; cryb double mutants. We
conclude that, in addition to its previously documented
role in the light input pathway,DrosophilaCRY functions
as a transcriptional repressor required for the oscillation
of peripheral circadian clocks and in the regulation of
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442Figure 1. Expression of Four CLK/CYC Direct
Target Genes Is Derepressed in cryb Mutants
The state of the clock was tested by measur-
ing (A) tim, (B) vri, (C) per, and (D) Pdp13 RNA
levels relative to levels of the constitutively
expressed cyc in adult heads during the first
day of DD. RNA levels of all four genes are
low at CT3 (gray) and high at CT15 (black) in
y w control flies. RNA levels in ClkJrk mutant
flies are not statistically different from levels
at CT3 in y w flies (p > 0.05, all four genes),
while the levels in per01 mutant flies are no
different from levels at CT15 in y w flies (p >
0.05, all four genes). The levels of all four
RNAs are constitutively high in cryb mutants,
and not different from levels in per01 flies (p >
0.05). The data are an average of at least three
independent experiments, with error bars
showing standard error of the mean (SEM).
Values were normalized so that RNA levels
in y w flies at CT3 have a value of 1.the development of the neuronal circuits underlying cir-
cadian behavior.
Results
CLK/CYC-Controlled Transcription Is Derepressed
in cryb Mutants
tim, per, PAR-domain protein 13 (Pdp13), and vrille (vri)
are core components of the two Drosophila clock loops
and are all direct CLK/CYC targets [5, 17–19]. We mea-
sured RNA levels of all four of these genes to determine
the status of CLK/CYC activity in cryb mutants. RNA
levels were measured in adult fly heads since most of
the clock gene expression in heads comes from the
eyes [20]. As a reference for the different states of the
clock, we used three genotypes: yellow white (y w) con-
trol flies; ClkJrk flies in which a dominant-negative Clk
mutation stops the molecular clock with constitutively
low levels of CLK/CYC activity; and per01 flies that lack
the PER repressor, and whose molecular clock has
stopped with constitutively high CLK/CYC activity [1].
RNA levels were analyzed in DD to prevent any effect
of light-mediated CRY degradation, at times cor-
responding to the approximate troughs (CT3, CT, circa-
dian time; time in DD) and peaks (CT15) of CLK/CYC-
activated genes.
As expected, tim, per, Pdp13, and vri RNA levels were
low at CT3 and high at CT15 in control flies (Figures 1A–
1D; [5, 17, 21, 22]). Expression of these genes was low at
both CT3 and CT15 in ClkJrk mutants, at levels similar to
y w flies at CT3, when CLK/CYC activity is normally re-
pressed (Figures 1A–1D). Conversely, tim, per, Pdp13,
and vri expression was high at both CT3 and CT15 in
per01 flies, at levels similar to the peak levels at CT15
in control flies (Figures 1A–1D). In cryb mutant flies, we
found that levels of tim, per, Pdp13, and vri RNA were
high at both time points. This closely resembled the sit-uation in per01 mutants, where CLK/CYC activity is con-
stitutively derepressed (Figures 1A–1D).
Several explanations could account for the apparently
high levels of CLK/CYC activity in cryb mutants, which
occurs despite constitutively high PER protein levels
[12]—generally considered sufficient to repress CLK/
CYC [1]. First, since mCRY1 and 2 are required for
mPER1-3 nuclear entry and stability in mammals [23],
Drosophila PER might fail to enter the nucleus in cryb
mutants. We tested the subcellular localization of PER
in photoreceptor cells at CT3 when repression is maxi-
mal in wild-type flies. Figure 2A shows that PER expres-
sion overlapped with the nuclear marker ELAV in both y
w and cryb photoreceptor cells, indicating that PER is
nuclear in both genotypes. Therefore, unlike mCRY,
Drosophila CRY is not required for PER nuclear entry
or stability in photoreceptors, and the constitutively
high levels of nuclear PER are insufficient to repress
CLK/CYC activity in cryb mutant eyes.
Second, the high RNA levels of CLK/CYC target genes
could result from increased CLK production, since CLK
levels are limiting for CLK/CYC activity [24]. We tested
CLK levels in cryb eyes and found that CLK levels are
constantly low in cryb mutant eyes, at levels similar to
the lowest CLK levels detected in wild-type flies at
CT16 (Figure 2B). Thus, CLK/CYC target genes are
highly expressed in cryb mutant eyes despite low levels
of CLK protein.
Third, CRY is the only known circadian photoreceptor
in the eye peripheral clock. It is therefore conceivable
that the eye clocks in cryb mutants are similar to the
dampened oscillations seen in wild-type eye clocks as
they remain in DD. To test this idea, levels of tim and
vri RNA were measured after 7 days in DD. The results
in Figures 2C and 2D show that the eye clock of y w flies
appears to stop at an intermediate level between the low
levels in ClkJrk mutants and the high levels in per01 or
cryb mutants. Therefore, the high levels of tim, per,
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(A) PER does not require wild-type CRY to enter the nucleus. Whole-
mount retina from y w control flies and cryb and per01 mutant flies
stained for ELAV (blue) to mark nuclei and PER (red) at CT3. This im-
age was taken at the level of the R8 photoreceptor cells.
(B) CLK protein levels are constitutively low in cryb mutants. Western
blot of extracts from y w and cryb fly heads isolated on the first day
of DD and probed with anti-CLK and anti-HSP70 antibodies. Similar
results were observed in three separate experiments.
(C and D) Comparison of tim and vri RNA levels in cryb flies and in
dampened wild-type clocks without light input. RNA levels were
measured in y w, per01, cryb, and ClkJrk flies at CT3 and CT15 on
day 7 in DD, after prior entrainment in LD. There is no significant os-
cillation for tim or vri RNA levels in y w flies, indicating that the eye
clock has dampened (p > 0.1, CT3 versus CT15). RNA levels in y w
flies appear higher than in ClkJrk mutants but lower than in per01 or
cryb mutants. y w flies have significantly lower vri RNA levels than
per01 flies at CT3 (p < 0.01) and CT15 (p < 0.001) and cryb flies at
CT 15 (p < 0.05), and significantly higher levels than ClkJrk flies at
CT3 (p < 0.05). For tim, the same trends were observed, but the
data are not statistically significant. Data are an average of at least
three independent experiments, with error bars showing SEM.Pdp13, and vri RNA in cryb mutants cannot be explained
by the absence of a light input.
Finally, it has been reported that PER requires
posttranslational modification to maximally repress
transcription in vitro [25]. Although both hyper- and
hypophosphorylated forms of PER are constitutively
present in head extracts from cryb mutant flies in DD,
the most highly phosphorylated forms of PER are miss-
ing from cryb mutants [12]. However, PER can still re-
press CLK/CYC activity in vivo even when largely hypo-
phosphorylated [26]. Thus, the simplest explanation for
high expression of CLK/CYC target genes in cryb mutant
eyes is that Drosophila CRY is a repressor of CLK/CYC
activity, like its mammalian counterparts.
PER and CRY Repress CLK/CYC-Activated
Transcription Together
We conducted gain-of-function experiments to comple-
ment the loss-of-function experiments to test repres-
sion by CRY. A UAS-cry transgene was used to overex-
press cry in all photoreceptor cells via the strong glass
multimer reporter-gal4 (GMR-gal4) driver. (Overexpres-
sion by GMR is indicated in the text as GMR>.) Flies with
both UAS-per and UAS-cry transgenes were used as
controls, and RNA levels were measured during the first
day of DD as in the loss-of-function experiments.
tim and vriRNA levels were low at CT3 and high at CT15
in RNA isolated from heads of UAS-cry, UAS-per control
flies (Figures 3A and 3B), as in y w flies (Figures 1A and
1B). Although we predicted that CRY would repress
CLK/CYC activity, we found that tim and vri RNA levels
continued to oscillate in DD in GMR>cry flies, with an in-
crease in tim RNA levels at CT15. Next, per was overex-
pressed since it is a known CLK/CYC repressor. How-
ever, both tim and vri RNA levels continued to show
differences between CT3 and CT15 in GMR>per flies,
indicating that the oscillations of the clock were not
blocked. There was a modest but significant repression
of tim RNA levels at CT3 and of vri at CT15 compared
to controls. Since previous experiments that used the
Rhodopsin1 (Rh1) promoter to overexpress PER in
photoreceptor cells severely dampened per oscillations
in LD cycles [20], we tested whether a second UAS-per
transgene could repress tim and vri expression when ac-
tivated by GMR-gal4. However, this also failed to stop tim
and vriRNA oscillations (data not shown). The inability of
per overexpression to stop the clock by itself was also
noted with a truncated Rh1 promoter-per transgene and
with expression of UAS-per by a tim-gal4 driver [27, 28].
Finally, cry and per were overexpressed together. In
GMR>cry+per flies, tim and vri RNA levels were low at
both CT3 and CT15, at levels indistinguishable from con-
trol flies at CT3 (Figures 3A–3C). tim RNA levels were
also quantified at additional time points to ensure that
an altered-period oscillation was not being missed in
GMR>cry+per flies. The results in Figure 3C show that
tim RNA levels were constitutively low in GMR>cry+per
flies, while they oscillated in y w control flies. Thus, over-
expressing cry and per together stops the clock, pre-
sumably by constitutively repressing CLK/CYC activity.
PER and CRY Repress CLK/CYC Activity In Vitro
The experiments described above suggest that CRY is
a repressor since the removal of either per or cry
Current Biology
444Figure 3. PER and CRY Repress Transcription Together in the Eye
Clock
(A and B) UAS-cry, UAS-per flies (UAS-cry, per) were used as con-
trols and showed normal oscillations in tim (A) and vri (B) RNA levels.
GMR-gal4 (GMR>) was used to overexpress cry and/or per in the
photoreceptor cells of the eye. RNA isolated from GMR>cry and
GMR>per fly heads also showed oscillations in tim and vri RNA
levels (p < 0.05, CT3 versus CT15 for tim and vri). GMR>cry+per flies
showed no oscillation of either tim or vri (p > 0.05, CT3 versus CT15,
both genes), with RNA levels low at both time points and not statis-
tically different from UAS-cry, per flies at CT3 (p > 0.05, for tim and
vri). Levels of tim RNA at CT15 were higher in GMR>cry flies than
in control flies (p < 0.05).
(C) tim expression was constitutively low at all times tested in
GMR>cry+per flies (p > 0.05; one-way ANOVA), while y w flies
showed a clear peak at CT15. The effect of genotype was significantfunction is sufficient to derepress CLK/CYC activity,
while overexpression of both CRY and PER repress
CLK/CYC activity. Since cell-culture experiments were
used to demonstrate that mCRY1 and mCRY2 can re-
press CLK/BMAL1 activity [4, 23], we tested whether
Drosophila CRY, either alone or in combination with
PER, could inhibit Drosophila CLK/CYC activity in cell
culture (Figure 4). Expression vectors for CRY and/or
PER and reporter constructs containing CLK/CYC bind-
ing sites (E boxes) from the per and tim promoters [18]
were transfected into mammalian HEK 293 cells, which
were maintained in darkness to prevent CRY degrada-
tion by light.
The activities of wild-type and mutant per E box re-
porters without cotransfected activators were very sim-
ilar, indicating that endogenous mammalian clock pro-
teins do not activate these Drosophila E box reporter
genes. Cotransfecting Drosophila CLK and CYC in-
creased luciferase activity from per and tim E box re-
porter constructs w25- and 5-fold, respectively. This
was dependent on the E box since the mutant per E
box reporter plasmid was not activated by transfecting
CLK and CYC. Repression of CLK/CYC activity at the
per E box required coexpression of both PER and
CRY, while repression at the tim E box occurred with ei-
ther PER or CRY alone (Figure 4). The tim E box reporter
was less strongly activated by Drosophila CLK/CYC in
these and other experiments [18]. Since the specificity
of other basic helix-loop-helix DNA binding proteins is
influenced by the nucleotides flanking the E box [29], dif-
ferent affinities of CLK/CYC for the per and tim E boxes
probably explain the different responses of these re-
porter genes. Thus, PER and CRY can repress a weakly
activated E box individually, but both PER and CRY are
required for repression of stronger promoters to which
CLK and CYC are presumably more stably bound.
Our results contrast with previous experiments inDro-
sophilaS2 cells, where PER alone was sufficient to block
transcription [25, 30] or required cotransfected TIM for
full repression [18]. In contrast, CRY expression in S2
cells prevented PER and TIM from repressing CLK/
CYC activity [31–33]. The difference in CRY’s ability to
repress transcription in different cell lines may be re-
lated to the different function of CRY in the peripheral
and pacemaker clocks of Drosophila (see below)—for
example, endogenous HEK 293 proteins may allow
CRY to function as a repressor. Alternatively, in Dro-
sophila S2 cells, transfected CLK and endogenous
CYC activate expression of endogenous genes includ-
ing vri and Pdp1 [19], which encode the likely regulators
of cry expression [5, 6]. Therefore, ‘‘PER-only’’ repres-
sion of CLK/CYC activity in S2 cells may involve endog-
enous CRY. In summary, our in vitro data supports the
in vivo data showing that CRY (together with PER) can
function as a repressor of Drosophila CLK/CYC activity.
CRY Does Not Repress CLK/CYC Activity
in Pacemaker Neurons
In contrast to the clocks in the adult eye, CRY is not re-
quired for molecular oscillations in the pacemaker small
(p < 0.01; two-way ANOVA). The effect of time of day was significant
only for y w flies (p < 0.05, one-way ANOVA). RNA levels were quan-
titated as in Figure 1.
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445ventral lateral neurons (s-LNvs), so cry
b adult flies have
normal locomotor rhythms in DD [12]. Therefore, CRY
cannot be essential for repression in pacemaker neu-
rons, and perhaps does not even function as a repressor
at all in these cells. We tested this idea by overexpress-
ing PER and/or CRY in the l- and s-LNvs and measured
the status of the clock by assaying adult locomotor ac-
tivity and molecular clock oscillations in DD (Figure 5).
By using Pigment dispersing factor-gal4 (Pdf>) to tar-
get transgene expression specifically to the LNvs, we
found that Pdf>per, Pdf>cry, and Pdf>cry+per flies all
had low levels of arrhythmicity (w16% versus w13%
in control lines; Figure 5A). This strongly suggests that
the molecular clock in the s-LNvs is still running even
when PER and CRY are overexpressed. We tested this
by examining TIM protein levels at two times of day on
the second day in DD. The results in Figure 5B show
that TIM protein levels were low at CT9 and high at
CT21 in both Pdf0.5-gal4 driver control flies and
Pdf>cry+per flies. As expected, these rhythms in TIM
protein in the s-LNvs of Pdf>cry+per flies were accom-
panied by rhythms in tim mRNA (see Figure S1 in the
Supplemental Data available with this article online).
Although per01 flies are arrhythmic, overexpression of
PER in LNvs had no effect on levels of rhythmicity—but it
did increase period length byw1 hr. The lack of strong
effects are not due to the driver used, since expression
of a dominant-negative CLK protein with Pdf0.5-gal4
(Pdf>ClkD) resulted in w85% arrhythmicity, similar to
previous results with a different Pdf-gal4 transgene
[34]. The persistence of behavioral and molecular
rhythms in flies overexpressing per and cry in the LNvs
(Figure 5), and in cryb mutant flies ([12] and Figure 5),
indicates that inhibition of CLK/CYC activity is mecha-
nistically different in central and peripheral clocks. The
simplest conclusion is that CRY is not a repressor of
CLK/CYC activity in pacemaker neurons. In contrast,
the requirement for CRY as a repressor would explain
Figure 4. PER and CRY Repress CLK/CYC Activity In Vitro
Drosophila CLK and CYC activated luciferase expression from wild-
type per (p < 5 3 1028) and tim E box reporter genes (p < 0.05), but
not from a mutant per E box reporter gene (p > 0.05). Coexpression
of PER and CRY repressed CLK/CYC activation of the per E box (p <
53 1026), while either PER (p < 0.05) or CRY (p < 0.05) alone was suf-
ficient to block CLK/CYC activation of the timE box. Expression vec-
tors for Drosophila CLK, CYC, PER, and CRY were cotransfected as
indicated. Luciferase activity was divided by b-galactosidase activ-
ity (cotransfected control) to give relative activity (y axis, arbitrary
units). The activity of each reporter plasmid cotransfected with
empty expression vector set to 1. The data are an average of at least
three experiments performed in duplicate, and error bars represent
the SEM.why peripheral clocks in tissues such as the antennae,
Malphigian tubules, and the eye stop in cryb mutants.
PER and CRY Normally Repress CLK/CYC Activity
in Nonclock Neurons
Ectopic expression of Clk in fly brains is sufficient to in-
duce clock gene expression in cells not normally des-
tined to contain clocks [35], suggesting that Clk is the
‘‘master control gene’’ for circadian clocks. We hypoth-
esized that, conversely, the removal of CLK/CYC repres-
sors might unmask the potential of some cells to ex-
press clock genes. In control adult brains at ZT21, TIM
is normally detected in the LNvs, dorsal lateral neurons
(LNds), and three groups of dorsal neurons (DNs, Fig-
ure 6A). However, in per01; cryb brains, TIM was de-
tected in a large number of additional cells (Figure 6B).
Figure 5. CRY Is Not a Repressor in the Pacemaker Cells
(A) Levels of rhythmicity in cryb, UAS-cry; UAS-per, and Pdf0.5-gal4
flies are w85%, with a free-running period of w23.5 hr. w85% of
Pdf>cry, Pdf>per, and Pdf>cry+per flies were also rhythmic. The
free-running period of Pdf>per and Pdf>cry+per was w24.5 hr.
Only 16% of Pdf>ClkD flies were rhythmic.
(B) Pdf0.5-gal4 (control) and Pdf>cry+per brains were stained for
PDF (blue) and TIM (green) on the second day of DD. In both cases
TIM is low at CT9 and high at CT21. Robust molecular rhythms were
observed in >20 brains in at least three separate experiments for
each genotype.
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Drosophila brains were stained for TIM (green) and PDF (red) at ZT21
in adults (left) and larvae (right) from the following genotypes: y w
(A, F), per01; cryb (B, G), per01 (C, H), cryb (D, I), and per01; ClkJrk;A small subset of these cells are present in per01 and
cryb single mutants (Figures 6C and 6D), but the num-
bers of TIM-producing cells, and the levels of TIM, are
much higher in per01; cryb double mutants. The addi-
tional TIM-producing cells are absent from per01; ClkJrk;
cryb triple mutants (Figure 6E) and are thus dependent
on CLK activity.
Since it was difficult to define precisely which cells ec-
topically produce TIM in per01; cryb adult brains, we also
stained larval brains at ZT21 (Figures 6F–6J), where only
seven cells produce TIM in a wild-type brain lobe. per01;
cryb double mutant larvae had two stripes of additional
TIM-producing cells (Figure 6G, white arrows). These
stripes were absent from control larvae (Figure 6F) and
from per01 and cryb single mutants (Figures 6H and 6I).
Again, this ectopic TIM production is CLK dependent,
since no TIM staining was observed in per01; ClkJrk;
cryb brains (Figure 6J). To test whether these additional
TIM+ve cells result from derepression of CLK/CYC ac-
tivity or increased TIM protein stability, we assayed tim
RNA levels by in situ hybridization. tim RNA was ob-
served in two stripes of additional cells in per01; cryb
double mutants, but not in y w control larval brains (Fig-
ures 6K and 6L). Taken together, these data suggest
that, during development, a number of cells have levels
of CLK/CYC activity sufficient to initiate expression of
clock genes, but this is later repressed by PER and
CRY. Thus CRY, in concert with PER, seems to have
an important role as a repressor of CLK/CYC activity
that helps in the correct specification of clock neurons.
Discussion
Several pieces of evidence point to Drosophila CRY, like
its mammalian counterparts, functioning as a repressor
of CLK/CYC-activated transcription: (1) expression of
four CLK/CYC target genes is derepressed in cryb mu-
tants; (2) overexpression of cry together with per is suf-
ficient to repress tim and vri expression in the eye, and
this is supported by CRY repressing CLK/CYC-acti-
vated transcription in transfected cells, either alone or
in conjunction with PER; and (3) removing both CRY
and PER leads to ectopic tim expression in the brain.
Although CRY and PER seem to function together to
repress CLK/CYC activity, our results do not imply a
direct interaction between CRY and PER proteins. Dro-
sophila CRY-PER interactions have been detected in
yeast [36], but CRY and PER appear to interact only
via TIM in vivo [37]. Furthermore, PER continues to re-
press CLK/CYC activity in vivo during the first half of
the day, presumably after CRY has been degraded by
light [32]. Thus, CRY and PER seem to control distinct
steps in repression of CLK/CYC activity, with CRY prob-
ably initiating, and PER maintaining, repression. Further
experiments will be required to test whether TIM also
facilitates repression. While in vitro studies indicated
that TIM helps remove CLK/CYC from DNA [38], in vivo
cryb (E, J). Ectopic TIM production in per01; cryb double mutants is
indicated by white arrows. In situ hybridization for tim RNA was car-
ried out on y w control (K) and per01; cryb (L) double mutant larval
brains. per01; cryb larval brains showed two stripes of tim RNA ex-
pression (white arrows), which were not detected in yw larval brains.
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participate in repression of per and tim transcription and
instead stabilizes PER and facilitates its nuclear entry
[32]. Given that Drosophila TIM interacts with both
PER and CRY in vivo, it will be interesting to test whether
the PER-CRY interactions detected in mammalian clock
cells [39, 40] are mediated via mTIM.
Very little is known about the developmental specifi-
cation of clock neurons. Here we show that PER and
CRY normally restrict tim expression to cells that adopt
a circadian cell fate. Our results complement experi-
ments in which overexpression of Clk led to ectopic
tim expression [35], since they reveal that cells not nor-
mally destined to develop as clock cells repress CLK/
CYC activity during development. However, there must
be additional factors that contribute to clock cell fate,
since the ectopic TIM+ve cells in per01; cryb double mu-
tant larvae did not produce PDP1 (data not shown). Sim-
ilarly, there must be unidentified factors that maintain
repression of tim in nonclock cells, since repression of
CLK/CYC activity will prevent further per expression.
The presence of extra TIM-expressing cells may also ex-
plain the TIM-dependent rhythmic behavior of per01;
cryb in LD cycles [41], as ectopic TIM expression influ-
ences LD behavior [35].
Conclusions
Our findings that CRY functions as a repressor in Dro-
sophila are supported by the high conservation across
species of the ‘‘core’’ photolyase-like domain of CRY,
which is sufficient for repression in Xenopus [42]. The
Drosophila crym mutation removes most of the CRY C
terminus and interferes with CRY’s response to light.
However, CRYM still supports a functional clock in the
eyes [37], suggesting that the remaining core of CRYM
functions as a transcriptional repressor.
CRY’s homology with DNA photolyases has led to the
suggestion that CRY was the original molecule that al-
lowed organisms to respond to light [43]—primitive or-
ganisms could detect light and regulate gene expres-
sion with one molecule (CRY) to avoid damage by
sunlight during light-sensitive processes such as DNA
replication. While ancestral CRY may have acted as
both a light sensor and repressor, non-Drosophilid in-
sects such as the monarch butterfly Danaus plexippus
have two cry genes and divide repressor/light sensor
function between them [44]. Thus, circadian clocks
may well have their origins in rapid responses to light,
and the anticipatory clock gene networks could have
subsequently been built around CRY, a light-responsive
protein and a transcriptional repressor, the function of
which has gradually become specialized.
Experimental Procedures
Fly Strains and Crosses
All fly strains used were in a y w background, except for per01; cryb
(w background). The following transgenic lines have been described
previously: GMR-gal4 [45], Pdf0.5-gal4 [46], UAS-per [47], UAS-cry
[48], and UAS-ClkD [34]. ClkJrk and cryb mutations were recombined
onto a single chromosome by standard procedures, using the ss
marker on the cryb chromosome to follow the cryb mutation, and
loss of PDF immunoreactivity to follow ClkJrk.Locomotor Activity
Locomotor rhythms were assayed for at least 7 days in DD after
3 days prior entrainment to LD cycles at 25ºC. Locomotor activity
was monitored and rhythmicity and free-running periods were cal-
culated with ClockLab as previously described [49], except that
bin size was reduced to 10 min.
Molecular Analyses
Western blots and RNA analysis were carried out on extracts from
Drosophila heads collected on the first day of DD after at least
3 days prior entrainment to LD cycles. Western blots were per-
formed as described previously [5] with antibodies to CLK gener-
ously provided by P. Hardin prior to publication.
RNA levels were analyzed by quantitative real-time PCR essen-
tially as in [5], except that >3 mg RNA was used for each cDNA syn-
thesis reaction, in order to saturate the reaction—thus, the amount
of reverse transcriptase becomes the limiting factor. RNA levels of
rhythmically expressed clock genes are shown relative to cyc
RNA, which does not oscillate [24]. In each figure, values have
been normalized so that RNA levels in y w fly heads at CT3 have
a value of 1. Primer combinations for cyc, Pdp13, tim, and vri RNA
have been described previously [5, 26]. Primers (TIB Molbiol, Adel-
phia, NJ) used to analyze per RNA were: per forward, gacc
gaatccctgctcaata; per reverse, catctgtcccagggttagc; per Hybridiza-
tion Probe 1 (HP1), gactcgcggtgcttcttcagc-fluorescein; per HP2,
Red640-gaacttctccatctcgtcgttgtgc. Statistical comparisons were
made with Excel.
Immunocytochemistry was carried out as previously described
[5]. Antibodies to PER and TIM were generously provided by J.
Hall and M. Young, respectively. The antibody to ELAV was provided
by the Developmental Studies Hybridoma Bank, University of Iowa,
and maintained by the NIHCD. The PDF antibody was described pre-
viously [26]. In situ hybridization on larval brains to detect tim RNA
was performed as previously described [5].
Tissue Culture
CMV expression vectors were generated by subcloning cDNAs for
cry (from Patrick Emery), per (from Lino Saez), and cyc and Clk
(from Steve Kay) into pcDNA3.1/Zeo (Invitrogen). Transfection ex-
periments in HEK 293 cells (ATCC, Manassas, VA) and measure-
ments of luciferase activity were carried out as previously described
[5]. Briefly, 50 ng of E box-luciferase reporter constructs [18] were
transfected along with 250 ng CMV-b-galactosidase and 250 ng
of CMV expression vectors for PER and/or CRY. The total amount
of CMV expression vector was made up to 1 mg with empty
pcDNA3.1/Zeo vector as appropriate. Luciferase and liquid b-galac-
tosidase assays were carried out according to standard procedures.
Supplemental Data
Supplemental Data include one figure and Supplemental Experimen-
tal Procedures and can be found with this article online at http://
www.current-biology.com/cgi/content/full/16/5/441/DC1/.
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